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Abstract: Burkholderia cepacia PR123(TOM23C), express-
ing constitutively the TCE-degrading enzyme toluene
ortho-monooxygenase (Tom), was immobilized on
SIRAN™ glass beads in a biofilter for the degradation
and mineralization of gas-phase trichloroethylene (TCE).
To interpret the experimental results, a mathematical
model has been developed which includes axial disper-
sion, convection, film mass-transfer, and biodegradation
coupled with deactivation of the TCE-degrading enzyme.
Parameters used for numerical simulation were deter-
mined from either independent experiments or values
reported in the literature. The model was compared with
the experimental data, and there was good agreement
between the predicted and measured TCE breakthrough
curves. The simulations indicated that TCE degradation
in the biofilter was not limited by mass transfer of TCE or
oxygen from the gas phase to the liquid/biofilm phase
(biodegradation limits), and predicts that improving the
specific TCE degradation rates of bacteria will not signifi-
cantly enhance long-term biofilter performance. The
most important factors for prolonging the performance
of biofilter are increasing the amount of active biomass
and the transformation capacity (enhancing resistance to
TCE metabolism). © 1998 John Wiley & Sons, Inc. Biotechnol
Bioeng 59: 40–51, 1998.
Keywords: fixed-film bioreactor; biofilter model; trichlo-
roethylene degradation

INTRODUCTION

Various reactor designs have been studied for biological
treatment of numerous pollutants (Dikshitulu et al., 1993;
Fan et al., 1990; Wang et al., 1996; Zilli et al., 1993), and
mathematical models have been used successfully for fur-
ther understanding these reactor designs. However, most of
these pollutants can be utilized by the bacteria as the sole
carbon and energy source for growth. Some volatile chlo-
rinated aliphatic compounds can only be degraded through

a cometabolic pathway, and trichloroethylene (TCE) has
been used as the model pollutant (Coyle et al., 1993; Folsom
and Chapman, 1991; Lackey et al., 1993; Phelps et al.,
1990; Taylor et al., 1993; Wilcox et al., 1995). The most
commonly studied microorganisms for TCE degradation are
Methylosinus trichosporiumOB3b (McFarland et al., 1992;
Oldenhuis et al., 1989; Strand et al., 1991) andBurkholderia
cepaciaG4 (formerly Pseudomonas cepaciaG4) (Ensley
and Kurisko, 1994; Folsom and Chapman, 1991; Landa et
al., 1994; Nelson et al., 1986; Shields et al., 1991).

A fixed-film bioreactor with large amounts of biomass
can be an attractive reactor for remediating organic wastes
(Hao et al., 1991; Kirchner et al., 1992; Shareefdeen et al.,
1993). Gas containing volatile organic compounds, such as
TCE, is passed through the supporting matrix, and the im-
mobilized bacteria degrade the organic compounds. Be-
cause fixed-film bioreactors can treat the contaminant in the
gas phase in a contained environment, introduction of TCE-
degrading organisms (either wild-type or genetically-
engineered microorganisms) into the environment is mini-
mized, and indigenous microorganisms from the polluted
sites may be filtered from the incoming gas to avoid con-
tamination (Ensley and Kurisko, 1994). Even though bio-
filters have been used widely for various industrial wastes,
data available for improving performance are limited
(Hodge and Devinny, 1995). To understand reactor opera-
tion, a pure culture should provide a simpler system than a
consortium of microorganisms.

The greatest advantage ofBurkholderia cepacia
PR123(TOM23C) (henceforth PR123) is its ability to consti-
tutively express tolueneortho-monooxygenase (Tom),
which is responsible for TCE degradation (Shields and Rea-
gin, 1992; Shields et al., 1994). Because PR123 does not
require an inducer (such as methane or toluene), it is an
excellent microorganism for TCE bioremediation (no com-
petitive inhibition). In addition, PR123 has high growth rates
and high TCE degradation and mineralization rates in vari-
ous media (Sun and Wood, 1996); thus, PR123 was selected
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for use in an aerobic, single-pass, fixed-film bioreactor,
which was shown to be feasible for degrading and miner-
alizing gas-phase TCE (Sun and Wood, 1997). However,
due to formation of toxic TCE breakdown products (Wack-
ett and Gibson, 1988; Zylstra et al., 1989), the performance
of PR123 biofilter deteriorated with continuous TCE addi-
tion, and the extent of TCE degradation ability decreased
faster with higher TCE concentration (Sun and Wood,
1997).

One of the most important parameters governing fixed-
film reactor performance is the mass transfer resistance
from the gas phase to the liquid phase which can be the
rate-limiting step (Karel et al., 1985) for TCE degradation.
Also, cells have been shown to change upon immobilization
(e.g., enzyme productivity, long-term stability, nutrient up-
take, and cellular growth rates) (Hao et al., 1991; Karel et
al., 1985). The activity of TCE-degrading enzyme in the
biofilm may be lower than that of suspended cells under
similar growth conditions, and TCE transport through the
cells in the biofilter might be altered. The objective of this
study was to develop a mathematical model to predict the
performance of the PR123 fixed-film bioreactor in the ab-
sence of adsorption (using an inert matrix) and to investi-
gate the parameters which effect its performance.

There are numerous biofilter models for the degradation
of volatile organic chemicals, and these models can be clas-
sified into two groups: those in which the volatile organic
chemicals can be degraded either as a sole carbon and en-
ergy source and those in which the pollutant is degraded by
a fortuitous pathway (e.g., TCE). When ethanol is used as a
carbon and energy source, Hodge and Devinny (1995) de-
veloped a model describing a biofilter with adsorption using
first-order kinetics, and the ethanol-laden air was introduced
to the biofilter without continuous addition of liquid nutrient
(no material balance in the biofilm/liquid phase). Utgikar et
al. (1991) proposed a model for the biodegradation of vola-
tile organic compounds in a biofilter where the substrate
was used as the carbon and energy source (e.g., toluene);
they partitioned the biofilter system into four distinct sec-
tions (gas phase, liquid phase, biofilm, and packing mate-
rial), and the model included terms describing mass transfer
by diffusion, biomass growth, and constant biomass decay
(constant coefficient for decay rate). First-order biodegra-
dation was used by simplifying the Monod kinetics with the
assumption that the substrate concentration is much lower
than the half-saturation constant (or Michaelis constant);
however, no experimental data were presented to verify the
model. The model derived by Shareefdeen et al. (1993)
described and predicted experimental results for the biofil-
tration of methanol vapor, which served as the carbon
source for the bacteria growth. No liquid nutrient was used
in this study, and the assumption of steady state or quasi-
steady state was used for obtaining a numerical solution.
This model did not include convection phenomena (only
diffusion), and the amount of biofilm was not quantified.

To describe fortuitous degradation of TCE, Duncan et al.

(1995) developed a two-phase model utilizing convective
mass transfer from the liquid phase to the biofilm for de-
scribing TCE stripped from the liquid by gas as well as the
biological degradation of TCE; deactivation of the enzyme
was not included. This model was consistent with limited
experimental data. Hecht et al. (1995) used a bubble-column
bioscrubber for cometabolic degradation of TCE, and the
model was based on plug flow for the gas phase and pseudo-
first-order kinetics for TCE degradation. At the experimen-
tal conditions evaluated by Hecht et al., TCE degradation
was limited by the reaction rate (not mass transfer limited).
Hecht et al., suggested the best way to increase TCE deg-
radation in the bioscrubber was to use a microorganism with
high degradation rates. A mathematical model was also de-
veloped for dechlorination of TCE in a hollow-fiber mem-
brane biofilter (Parvatiyar et al., 1996) under steady-state
conditions, and the dechlorination of TCE occurred in the
anaerobic zone of the biofilm. The model proposed in this
article differs from the models cited previously by including
axial dispersion, a material balance in both the gas and the
liquid phase, and Monod kinetics for biodegradation
coupled with deactivation of the TCE-degrading enzyme.
To our knowledge, this is the first model developed for TCE
degradation using a fixed-film bioreactor and verified with
experimental data.

MATHEMATICAL MODEL

The basic axial dispersion-convection model was used as
the core (Wankat, 1990), and the mass transfer and biodeg-
radation terms were incorporated into this model. The fol-
lowing assumptions were made to simplify the model: (1)
the biofilter consists of a three-phase system: air, liquid/
biofilm, and solid, inert, non-porous carriers (bacteria inside
the porous carrier were neglected); (2) solid carriers are
homogenous in size (0.30 cm in diameter) with a uniform
liquid/biofilm thickness around the carriers; (3) the liquid/
biofilm phase is homogenous without a boundary separating
the liquid and the biofilm; (4) the average biomass mea-
sured at the end of the experiment represents the total bio-
mass that was distributed evenly and was relatively constant
during the experiment; (5) the liquid-phase concentration of
TCE at the gas/liquid interface is at equilibrium with the
bulk gas-phase TCE concentration (C*l,TCE 4 Cg,TCE/HTCE,
whereHTCE is the Henry’s law constant).

Because oxygen is required for biofilm formation and
TCE degradation, lack of sufficient oxygen in the biofilm
can limit TCE degradation. Thus, the biodegradation rate of
TCE by PR123 was expressed in terms of both TCE and
oxygen concentrations using the dual-substrate Monod
equation for TCE (Bailey and Ollis, 1986; Chang and Al-
varez-Cohen, 1995). Exposure to TCE has been shown to
deactivate cellular proteins via the toxic metabolites derived
from TCE metabolism (Oldenhuis et al., 1991; Wackett and
Gibson, 1988; Wackett and Householder, 1989; Zylstra et
al., 1989); therefore, the biomass responsible for TCE deg-
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radation was assumed to deactivate at a rate proportional to
the rate of TCE degradation (Alvarez-Cohen and McCarty,
1991; Chang and Alvarez-Cohen, 1995; Chu and Alvarez-
Cohen, 1996).

As the TCE-laden air passes through the fixed-film bio-
reactor (Fig. 1), its concentration can be affected by axial
dispersion, convection, mass transfer, and biodegradation.
Based on the above assumptions, an unsteady-state model
was obtained with the determination equations by making a
mass balance on TCE and oxygen in the gas (u is the frac-
tional gas phase volume) and liquid/biofilm phase (« is the
fractional liquid-phase volume):
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Equations (1) and (2) describe the mass balance of TCE and
oxygen in the gas phase (using axial dispersion, convection,
and mass-transfer terms). Equations (3) and (4) describe the
mass balance of TCE and oxygen in liquid/biofilm phase.
The second term on the right side of Equations (3) and (4)
describes the liquid medium flowing around the carriers
(upon which a biofilm has formed). The last term in Equa-
tion (4) characterizes the background oxygen consumption
by the biofilm (respiration) that is not associated with TCE
degradation (Bailey and Ollis, 1986). Equation (5) describes
the decrease in active biomass available for TCE degrada-
tion due to toxic TCE breakdown products.

The initial and boundary conditions required to solve
these equations are

t 4 0 Cg,TCE 4 Cg,TCE,inlet Cg,O2 4 Cg,O2,inlet (6)

Cl,TCE 4 0 Cl,O2 4 Cl,O2,initial (7)

X 4 Xinitial (8)

x 4 0 Cg,TCE 4 Cg,TCE,inlet (9)

Cg,O2 4 Cg,O2,inlet (10)

Cl,TCE 4 0 (11)

Cl,O2 4 0 (12)

x = L
Cg, TCE

x
= 0

Cg,O2

x
= 0 (13)

Cl,TCEx = 0 Cl,O2x = 0 (14)

These equations were solved using a numerical simulation
(IMSL MOLCH subroutine using the method of lines, Vi-
sual Numerics, Inc., Houston, TX) with parameter input
values listed in Table I. Due to the reactor design, there are
dead spaces before and after packing in the fixed-film bio-
reactor (Fig. 1). To predict the TCE breakthrough curve,
these dead spaces were included in the numerical simula-
tion.

EXPERIMENTAL APPROACH

The biofilter and experimental procedures have been de-
scribed previously (Sun and Wood, 1997).Burkholderia
cepaciaG4 (henceforth G4) is the parent strain ofBurkhol-
deria cepaciaPR123(TOM23C) and expresses Tom only in
the absence of glucose and in the presence of phenol or
toluene; hence, G4 was used as the negative control (biotic)
for this study. G4 and PR123 were cultivated in a 0.4 w/v %
glucose chloride-free minimal medium (with 50mg/mL of
kanamycin for PR123). The supporting material used in thisFigure 1. Schematic of the fixed-film bioreactor (dead spaces shown).
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study for biofilm attachment and growth (surface-attached
process) was open-pore sintered glass (SIRAN™ carriers)
with particle size 2 to 5 mm and 60–300mm internal pores
(Jaeger Biotech Engineering, Inc., Costa Mesa, CA).

Confocal Scanning Laser Microscopy (CSLM)

SIRAN™ carriers with biofilm were removed from the bio-
filter (after 10 d of biofilm formation) from four different
segments, and the biofilms were stained for 30 min using
the Live/DeadBaclit bacterial viability assay kit (Molecular
Probes, Eugene, OR). The assay distinguishes the live and
dead cells based on the membrane integrity. Using the con-
focal scanning laser microscope equipped with a krypton/
argon laser (MRC 1024, Bio-Rad, Hercules, CA), the bio-
films were excited at 488 nm, and the fluorescent light was
visualized using a T1/E2 multi-purpose filter combination;
the live cells fluoresce green and the dead cells fluoresce
red. Thin vertical sections (1mm) of biofilm image were
collected, and the images were analyzed for fraction of live
and dead cells based on different pixel intensities of live and
dead cells. The images were analyzed using the COMOS
software on the BioRad MRC600.

Independent Parameter Determination

Characterization of the Biofilms (Table I)

PR123 biofilms on SIRAN™ carriers were visualized by
CSLM, and the images of the biofilm at different segments
of the biofilter were collected to characterize the bio-

films. The cell density was higher for the biofilm near
the top of the biofilter (near the nutrient inlet), and the
biofilm cell density decreased slightly (∼10 to 30% based
on visual analysis) as axial distance increased. The frac-
tions of live and dead cells were relatively uniform along
the biofilter axial position (six images each from four
different axial sections were analyzed and averaged
49.5% ± 20.3 live vs. 50.4% ± 20.3 dead cells, Table II).
The fraction of live and dead cells along the biofilm
thickness (near the nutrient inlet) was also analyzed.
The proportions of live and dead cells were relatively uni-
form along the biofilm thickness, and this profile was con-
sistent at each position in the axial direction (data not
shown).

The biofilm thickness on SIRAN™ carriers was deter-
mined by three methods. For the CSLM analysis, the
SIRAN™ beads were placed on microscope slides using
an inverted stage; hence, the images were obtained as
the biofilms were compressed against the microscope slides
due to the weight of the beads. Thus, the measured bio-
film using CSLM (30 to 80mm) underestimates the
actual biofilm thickness. The average biofilm thickness
was also calculated based upon the total amount pro-
tein measured at the end of each biofilter experiment.
Based on the size of rod-shapedPseudomonas(0.75 × 3.25
mm) (Singleton and Sainsbury, 1988), an average volume
of 5.74 × 10−12 cm3/cell is calculated. Assuming 50%
void space in the biofilm (de Beer et al., 1994), the bio-
film thickness was estimated as 41 to 230mm with a con-
version factor of 48.08 mg protein/cm3 of biofilm (Sun
and Wood, 1996). The third method used to estimate the
biofilm thickness was based on liquid holdup volume in
the biofilter. Using a 500-mL biofilter (50% void space)
and after ten days of biofilm formation, the biofilter was
filled completely with liquid medium. By carefully draining
the liquid to minimize biofilm sloughing, 160 mL of liquid
was collected. Assuming the biofilm volume represents
the liquid holdup in the biofilter, the total biofilm volume
was 90 mL [500 mL reactor volume × 0.5 (void) − 160 mL
(liquid-drained volume)]. With an average bead diameter
of 0.3 cm (approximately 17,693 beads in 500-mL reactor),
the estimated liquid holdup volume per bead was
5.09 × 10−3 cm3, which represents 162mm of biofilm thick-
ness.

Table I. Parameters for the packed portion of the fixed-film bioreactor (x
4 30 to 70 cm).

Parameter Value Units

A 17.7 cm2

Dg,O2 7.45 cm2/min
Dg,TCE 7.45 cm2/min
Dl,O2 0.296 cm2/min
Dl,TCE 0.296 cm2/min
HO2 34.9 —
HTCE 0.4 — (Folsom et al., 1990)
KL,O2a 242.5 1/min
KL,TCEa 242.5 1/min
KM,O2 0.048 mg O2/L
KM,TCE 35.0 mg TCE/L
L 70 cm
QA 0.100 L/min
Ql 0.000694 L/min
TC 0.065–0.204 mg TCE/mg protein (Table III)
Vmax 0.00237 mg TCE/min/mg protein

(Sun and Wood, 1996)
YO2 0.49 mg O2/mg TCE
Yresp 0.001 mg O2/min/mg protein
X 4.2–18 g protein/mL liquid
«b 0.5 cm3 void volume/cm3 reactor
« 0.18 cm3 liquid/cm3 reactor
u 0.32 cm3 of gas/cm3 of reactor

Table II. Characterization of theBurkholderia cepaciaPR123 (TOM23c)
biofilm by CSLM after 10 d of growth. Number of experiments indicated
by n.

Respective axial
position in the biofilter

Biofilm thickness
(d) mm

Live: dead cells
(number of images)

Top 70∼ 80 67 : 33 (n4 3)
1/3 from the top 45∼ 50 23 : 77 (n4 1)
2/3 from top 50∼ 60 45 : 55 (n4 1)
Bottom 30∼ 35 63 : 37 (n4 1)
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Kinetics of TCE and Oxygen Metabolism

The Monod kinetic parameters for TCE degradation by
PR123 were determined using shake flask experiments (Vmax

4 0.00237 mg TCE/min/mg protein andKM,TCE4 3.81 mg
TCE/L) (Sun and Wood, 1996). Because aerobic bacteria
require oxygen for their metabolism, the affinity for oxygen
(1/KM,O2) should be much higher than TCE, even in a bio-
film environment. It has been estimated that for a pure
culture of Pseudomonas putidabiofilm grown on phenol,
the Michaelis constant for oxygen (KM,O2) is 0.048 mg O2/L
(Beyenal et al., 1997).

Overall Mass Transfer Coefficient

Using the Thoenes-Kramers mass transfer correlation for flow-
through packed beds (Fogler, 1992), Sh8 4 1.0 (Re8)1/2Sc1/3,
the overall mass transfer coefficient for oxygen (KL,O2) was
calculated as 19.75 cm/min. The parametera (interfacial
area of gas/liquid per a unit of reactor volume) was esti-
mated (Westerterp et al., 1984) by calculating the total sur-
face area of SIRAN™ beads and divided by the total reactor
volume (a 4 12.28 cm2 of area/cm3 of reactor). Thus, the
overall volumetric liquid mass transfer coefficients for oxy-
gen (KL,O2a) was 242.5 1/min. This same value was used for
KL,TCEa.

Henry’s Law Constants

A dimensionless Henry’s law constant of 0.4 was used for
TCE (Folsom et al., 1990). The Henry’s law constant for
oxygen at 30°C was calculated as 272 mg/L/7.8 mg/L4
34.9. The oxygen concentration of TCE-laden air was also
taken as 272 mg/L for all cases.

Yield Coefficient (YO2) and Background
Respiration Coefficient (Yresp)

Overall TCE mineralization by aerobic microorganisms re-
quires two moles of oxygen for every mole of TCE (Al-
varez-Cohen and McCarty, 1991; McFarland et al., 1992):

C2HCl3 + NADH + H+ + 2O2 → 2CO2 + NAD+ + 3HCl
(15)

Hence, YO2 coefficient for TCE degradation was calculated
as 0.49 mg O2/mg TCE. Previously, effluent PR123 cells
were collected and background oxygen consumption rates
were measured using a biological oxygen monitor (Sun and
Wood, 1997). The background oxygen consumption rate
(Yresp) was approximately 0.001 mg O2/min/mg protein, and
this value was used in the model. This value compares well
with the calculated values (0.0002 to 0.0009 mg O2/min/mg
protein) using the yield factor relating grams of cells formed
per gram of O2 consumed (YX/O2 of 0.20 to 0.85 g cell/g O2

for Pseudomonas,Bailey and Ollis, 1986), and the estimated
growth rate of PR123 in the biofilter (mmax 4 0.0052/h,
based on biomass data in Table III).

Biomass Concentration

If the actual biofilm concentration in the biofilter was
known, assumption (4) that the biomass at the end of the
experiment was constant would not be necessary. However,
due to the construction of the reactor, the biomass concen-
tration was measured only at the end of each experiment
(measuring biomass during the experiment could contami-
nate the biofilter). The total protein concentrations mea-
sured (protein from the live and dead cells) at the end of
each experiment do not necessarily represent the amount of
protein at the beginning of the experiment, and the total
protein concentration measured at the end of the experiment
could be much higher than the initial protein concentration
(the biofilm was visible after 2 to 3 d of culturing, the
biomass concentration was most robust at the top of biofilter
near the nutrient inlet, and the biofilm at the bottom of
biofilter was only visible after approximately three to seven
days). As indicated in the biofilm characterization using
CSLM, the fraction of live cells in the biofilm was approxi-
mately 50%. Thus, the actual amount of cells which were
potentially involved in TCE degradation would be half the
measured protein concentration. As shown in Table III,
there seems to be little correlation between the biomass
concentration and the length of experiment or the TCE con-
centrations.

Transformation Capacity (TC)

As reported earlier (Sun and Wood, 1997), PR123 which lost
active Tom failed to regain its ability to express the TCE-
degrading enzyme constitutively. Thus, even with new
PR123 biofilm growth in the biofilter (absence of contami-
nants verified by daily plating of the biofilter effluent and
by a colony lift with atom probe), no new TCE-degrading
enzyme was expressed after Tom activity was completely

Table III. Biomass levels of the PR123 biofilter with 0.7 L of SIRAN™
matrix and an air flow rate of 0.1 L/min.

TCE conc.
(mg/L of air)

Average biomass conc.
(mg protein from live
cells/mL of liquid)a

TC

(g TCE/g live
protein)b

Length of
experiment

(days)

0.040 18.0 ± 11.6 0.071 22
0.242 4.2 ± 2.5 0.107 10

8.3 ± 4.3 0.065 24
1.210 4.4 ± 2.5 0.204 11
2.420 8.1 ± 6.2 0.129 7

aAverage biomass concentration involved in TCE degradation [(g aver-
age protein measured/mL reactor) * fraction of live cells/« (mL of liquid/
mL reactor)].

bTC (g of TCE degraded per g of protein from live cells involved in TCE
degradation) [(g TCE/g total protein)/fraction of live cells].
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lost. Hence, the model does not incorporate cell growth
terms.

To take into account that TCE degradation kills cells, the
transformation capacity was used to reduce the amount of
active biomass. Transformation capacity is the maximum
amount of cometabolized TCE that can be degraded per unit
mass of resting cells (Alvarez-Cohen and McCarty, 1991).
Assuming complete TCE breakthrough occurs when the
TCE-degrading enzyme is completely deactivated, and the
biofilm distribution in the bioreactor does not change sig-
nificantly, the transformation capacity (TC) was determined
by dividing total amount of TCE degraded by the total
amount of biomass in the reactor. From the five TCE break-
through curves [0.04, 0.242 (two experiments), 1.21, and
2.42 mg TCE/L], PR123 oxidized approximately an average
of 0.058 ± 0.033 mg of TCE per mg of total protein before
Tom activity was completely inactivated. The biomass var-
ied from 4.2 to 18.0 g of protein/mL of liquid, and this large
difference in biomass concentration resulted in a range of
TC values. Due to this large difference inTC values, the
individual TC and the averageTC were used in the model
and compared with the experimental data. The simulations
with the individualTC from each of the experimental results
agreed better than the simulations which used the average
TC value. Thus, the specificTC value measured for each
experiment was used. Because∼50% of the protein is from
dead cells (CSLM results, Table II), theTC values were
corrected accordingly.

Relative Liquid («) and Gas Volume (u)

Assuming the liquid holdup represents biofilm volume in
the biofilter, the fraction of liquid phase («) in the biofilter
was 0.18 (90 mL/500 mL), and the fraction of gas phase (u)
in the biofilter was 0.32 [1.0 – 0.5 (beads) − 0.18 («)]. These
values were used for all simulations.

Estimation of Parameters Using
Experimental Data

Michaelis Constant (KM,TCE) for TCE
Degradation (Figure 2)

Using the Michaelis constant (KM,TCE 4 3.81 mg/L) deter-
mined from shake-flask experiments (Sun and Wood,
1996), entirely different TCE breakthrough profiles were
obtained as compared to the experimental data. Hence,
KM,TCE in the biofilm was estimated using the experimental
data of the PR123 biofilter at 2.42 mg/L TCE concentration
based on curve fitting the model with the experimental data
(KM,TCE4 35 mg TCE/L). This newKM,TCEvalue was used
along with the shake flask-determinedVmax to predict the
TCE breakthrough curves for the other TCE concentrations.
Because the Michaelis constant used in this model repre-
sents both the inverse of the affinity of the intact cells for

the substrate and substrate diffusion through the cellular
membrane and biofilm, it can be influenced by the biofilm
where dead cells and exopolysaccharide may dominate
(Jayaraman et al., 1997). Hence, it is reasonable the affinity
of the live cells for the substrate could decrease significantly
compared to suspended cells and a higher Michaelis con-
stant for TCE is reasonable.

Axial Dispersion Coefficients

To obtain the axial dispersion coefficient for TCE in the gas
phase (Dg,TCE), three experiments were performed using a
1.1 L reactor packed with dried SIRAN™ carriers (reactor
length4 62.5 cm, interstitial air velocity4 3.125 cm/min).
The dead spaces before and after the reactor were removed.
Using TCE as the pulse-tracer,Dg,TCEwas calculated to be
approximately 7.45 cm2/min by fitting the experimental
data with the analytical solution for the axial dispersion
model (Mysliwiec et al., presented at the Air & Waste Man-
agement Association Meeting, Nashville, TN, June 1996),
Cg,TCE) 4 1/√4pDg,TCEexp{−(x − vt)2/4Dg,TCEt} (data not
shown), and this same value was used forDg,O2. Due to
significant broadening of the TCE tracer concentration, the
axial dispersion in the gas phase cannot be ignored. The
axial dispersion coefficient in the liquid phase (Dl,TCE) was
calculated based on a correlation used for a two-phase
packed bed (0.296 cm2/min) (Mak et al., 1991). This same
value was used forDl,O2.

RESULTS AND DISCUSSION

Verification of the Biofilm Model

To validate the mathematical model, numerical simulations
of TCE breakthrough curves for the abiotic (no cells) and

Figure 2. TCE breakthrough curve of the PR123 biofilter at 2.42 mg
TCE/L of air (used to determineKM,TCE of the biofilter). Filled circle (d)
represents experimental data (standard deviation shown), solid line (—)
represents model prediction withKM,TCE 4 3.81 mg/L (shake-flask pa-
rameter), and dotted line (z z z z) represents model fit withKM,TCE 4 35
mg/L.
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biotic (G4 cells without TCE-degrading enzyme expressed)
control experiments were performed at a TCE concentration
of 0.242 mg/L in air at 0.1 L/min air (Fig. 3). Using the
parameter values listed in Table III, the model predicted the
breakthrough time of 39 min (95% of inlet TCE concentra-
tion seen at the outlet) for the abiotic and biotic biofilters;
experimental data for the breakthrough of the abiotic and
biotic biofilter was achieved in approximately 40 min after
TCE addition for both controls. If the axial dispersion terms
in the gas phase and the liquid phase were deleted, the
model predicts the breakthrough time of 26 min. Thus, the
axial dispersion terms are significant and should not be
ignored.

The numerical output of TCE concentration in both the
gas and liquid phases were totaled to verify the material
balance for the abiotic and biotic control (no TCE degrada-
tion). At an inlet TCE concentration of 0.242 mg/L in air at
0.1 L/min air flow and 0.000694 L/min liquid flow, the
outlet TCE concentration of 0.2379 mg/L in air and 0.5947
mg/L in liquid was obtained (which indicates equilibrium
was reached for the gas and liquid TCE concentrations, i.e.,
H 4 0.4). The inlet and outlet TCE mass flow rates are
nearly identical. The material balance for the TCE shows
that less than 2% of the inlet TCE is removed from the gas
phase (due to liquid adsorption) for the control simulations.
A material balance on oxygen was also verified (data not
shown).

TCE Breakthrough Curves Predicted by the Model

For simulations of TCE degradation at different TCE con-
centrations in the presence of Tom-expressing PR123, the
measured biomass concentration and calculated transforma-
tion capacity for each experiment was used. Figures 4 to 8
(solid lines) show the model predictions compared to the
experimental TCE concentration measured at the reactor

exit (Sun and Wood, 1997). The model predicted the gen-
eral trend of the TCE breakthrough profile with bioreme-
diation; however, for t < 1000 min, higher biodegradation
rates of TCE were achieved than the model predicted (∼60
to 100% higher than model prediction, Figs. 5–7).

The most important parameter affecting the simulations
was the biomass concentration. Because the biofilm was
seeded by recirculating a concentrated inoculum culture
(equivalent to 0.55 mg protein/mL culture) and developing
the biofilm for 5 to 10 d with glucose medium (Sun and
Wood, 1997), the actual biomass present for TCE degrada-
tion was less than the biofilm concentration measured at the
end of the experiments. This increase in biofilm develop-
ment over the course of the experiments was supported by
visual observations. Therefore, by reducing by 20% the
amount of live cells involved in TCE degradation measured

Figure 5. TCE breakthrough curve of PR123 biofilter at 0.242 mg TCE/L
of air (experiment #1, low biomass of 4.2 ± 2.5 mg protein/mL liquid).
Filled circle (d) represents experimental data (standard deviation shown),
solid line (—) represents model prediction, and dotted line (z z z z) represents
model prediction with corrected biomass (20% less than the measured).

Figure 3. TCE breakthrough curves of abiotic (no cells) and biotic (wild-
type B. cepaciaG4 grown on glucose and without induction of the Tom
enzyme) controls. Filled circle (d) represents abiotic control, filled square
(j) represents biotic control, and solid line (—) represents model predic-
tion for abiotic and biotic controls.

Figure 4. TCE breakthrough curve of PR123 biofilter at 0.04 mg TCE/L
of air. Filled circle (d) represents experimental data (standard deviation
shown), solid line (—) represents model prediction, and dotted line (z z z z)
represents model prediction with corrected biomass (20% less than the
measured).
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by the protein assay at the end of the experiment, better
agreement was attained between the model and the experi-
mental data at 0.04, 0.242 (experiment #1), and 1.21 mg/L
TCE concentrations [Figs. 4, 5, and 7 (dotted lines), respec-
tively]. Also, either non-uniform air flow through the bio-
filter (from channeling of air) or the presence of stagnant
regions would cause less biomass to be exposed to TCE.

This importance of the biomass concentration is shown
by the results from two identical experiments conducted at
a TCE concentration of 0.242 mg/L (Figs. 5 and 6) in which
there was a significant difference in the average biomass
level measured at the end of each experiment (∼2-fold dif-
ference, Table III). This large difference in average biomass
level affected the biodegradation of TCE in the biofilter,
because the TCE concentrations measured at the effluent of
the biofilter were 0.11 mg/L and 0.04 mg/L after 1000 min

of TCE addition for the lower biomass experiment (Fig. 5,
biomass of 4.2 ± 2.5 mg protein/mL liquid) and higher
biomass experiment (Fig. 5, biomass of 8.3 ± 4.3 mg pro-
tein/mL liquid), respectively.

At a high TCE concentration (2.42 mg/L of air), the TCE
breakthrough time for the biofilter was faster than the lower
TCE concentration (0.04 mg/L) due to inactivation of TCE-
degrading enzyme caused by the TCE metabolites (50%
breakthrough for 2.42 mg/L vs. only 5% breakthrough for
0.04 mg/L after 500 min of TCE addition). Thus, at lower
TCE concentrations, the biofilter can be used for longer
periods.

Model Assumptions and Effects

The assumption (1) of solid, inert, non-porous carriers is
valid because most of the biofilm found was present outside
the carriers and in the interstitial space (Sun and Wood,
1997). Assuming the solid carriers are homogenous in size
with a uniform liquid/biofilm thickness around the carriers
(assumption 2) was needed to estimate the parameter a (in-
terfacial area of gas/liquid) for the calculation of the overall
mass transfer coefficient for TCE and oxygen. Because the
model showed there was no mass-transfer resistance from
the gas to the liquid phase (compared to the biodegradation
rate), the accuracy of parameter a is less critical. Images
obtained from CSLM showed the structure and composition
of the biofilm (live cells, dead cells, and void space); it
consists of thick clumps of live and dead cells which were
evenly distributed throughout the biofilm. Hence, the as-
sumption (3) of no boundary separating the liquid and the
biofilm is valid. The most important assumption (assump-
tion 4) affecting the model was that the biomass concentra-
tion measured at the end was basically that present during

Figure 7. TCE breakthrough curve of PR123 biofilter at 1.21 mg TCE/L
of air. Filled circle (d) represents experimental data (standard deviation
shown), solid line (—) represents model prediction, and dotted line (z z z z)
represents model prediction with corrected biomass (20% less than the
measured).

Figure 6. TCE breakthrough curve of PR123 biofilter at 0.242 mg TCE/L
of air (experiment #2, high biomass of 8.3 ± 4.3 mg protein/mL liquid).
Filled circle (d) represents experimental data (standard deviation shown),
solid line (—) represents model prediction, and dotted line (z z z z) represents
model prediction with corrected biomass (20% less than the measured).

Figure 8. Predicted TCE breakthrough curves forM. trichosporium
OB3b, higherTC, lower QA, and higher biomass (2.42 mg TCE/L). Solid
line (—) represents the reference model prediction (0.1 L/min air flow),
dotted line (z z z z) represents a 10-fold decrease in the volumetric air flow
rate (QA), dashed-dotted-dotted line (–z z –) representsM. trichosporium
OB3b (Vmax 4 0.067 mg TCE/min/mg protein andKM,TCE 4 19 mg/L),
long dashed line (– –) represents a 100-fold increase inTc and dashed-
dotted line (–z –)represents 10-fold increase in active biomass.
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the experiments. The experiments lasted 1–13 d after TCE
degradation, and the results of numerical simulation using
the average biomass measured agreed well with the experi-
mental data. However, quantifying the biomass concentra-
tion along the biofilter should improve the model predic-
tions.

The Model and Its Implications

There are many advantages of immobilized cells on carriers,
but the nature of immobilization can affect system kinetics.
In many cases, immobilization of cells can result in mass-
transfer limitations from the gas phase to the liquid phase
(Karel et al., 1985). Comparing the relative magnitude of
the film mass transfer and the biodegradation term of all the
experimental runs (0.04 to 2.42 mg TCE/L), the maximum
mass transfer term [KL,TCEa/«(C*l,TCE)] is 2000-fold greater
than the maximum biodegradation term

[VmaxXC*l,TCE/(KM,TCE + C*l,TCE)].

Because the immobilization of cells did not cause signifi-
cant mass-transfer resistance from the gas to the liquid
phase (compared to the biodegradation rate), TCE degrada-
tion was not limited by the availability of oxygen in the
biofilms. Based on model simulations, for an inlet oxygen
gas concentration of 272 mg/L (i.e., air), the minimum liq-
uid oxygen concentration at the biofilteroutlet ranged from
0.2 mg/L to 5.4 mg/L (hence, most regions had oxygen
concentrations greater than 1.7 mg/L). Therefore, in some of
the experiments the outlet regions of the biofilter had oxy-
gen concentrations around the critical oxygen concentration
(1.7 mg O2/L) reported by Leahy et al. (1996) where a
considerable loss of function by Tom was detected. How-
ever, the loss of Tom activity was not due to oxygen star-
vation in this study because effluent PR123 cells did not
regain Tom activity overnight on Tom-indicating plates,
after culturing in shake-flasks for three passages, or in the
phenol-oxidation assay (Sun and Wood, 1997). As reported
in the literature, most biofilm structures have micro-
channels formed by the extensive network of voids within
the biofilm that facilitate the transport of nutrients and gases
(de Beer et al., 1994; Massol-Deya´ et al., 1995; Møller et
al., 1996). These channels within the biofilm have been
shown to increase the biological surface area significantly
and provide as much as 50% of oxygen consumed by the
biofilm (de Beer et al., 1994; Massol-Deya´ et al., 1995).
Thus, even with an increase in the oxygen concentration in
the inlet gas stream (fivefold increase), improved TCE deg-
radation was not predicted (less than 1%).

Changing the parameter values used in the model can
facilitate understanding the significance of each term.
Changes in the concentration of active biomass and trans-
formation capacity (TC) had the greatest improvements in
predicted biofilter performance. Because TCE degradation
depends on the available biomass, an increase in biomass
concentration will lead to greater amount of biomass for
TCE degradation and extend the biofilter operation. Figure

8 shows that a 10-fold increase in biomass leads to a sig-
nificantly lower effluent TCE concentration (1.78 mg/L vs.
0.0 mg/L for a 10-fold increase in biomass after 1000 min
of TCE addition).

A microorganism with high resistance to the toxic inter-
mediates formed by TCE metabolism can degrade more
TCE and prolong biofilter performance. Figure 8 shows that
a 100-fold increase inTC (Table III) leads to a 72% decrease
in the effluent TCE concentration after 1000 min of TCE
addition (1.78 mg/L vs. 0.49 mg/L for a 100-fold increase in
TC) and greater than a 95-fold increase in the breakthrough
time (1580 min for control vs. 151,400 min for a 100-fold
increase inTC). Different microorganisms have been shown
to have different levels of resistance to protein deactivation
caused by TCE metabolism. Values for transformation ca-
pacity range from 0.031 mg of TCE/mg of cells [assuming
50% of total dried cell weight is cellular protein (Bailey and
Ollis, 1986)] for a consortium of phenol oxidizers (Chang
and Alvarez-Cohen, 1995), 0.04 to 0.06 mg TCE/mg cells
for some methane oxidizers (Alvarez-Cohen and McCarty,
1991; Chang and Alvarez-Cohen, 1995; Chu and Alvarez-
Cohen, 1996), 0.0079 mg TCE/mg protein for an ammonia-
oxidizer (Hyman et al., 1995), and as high as 0.082 mg
TCE/mg cells (assuming 50% of total dried cell weight is
cellular protein) for phenol-amended cells (Shurtliff et al.,
1996).

If Methylosinus trichosporiumOB3b, which has a 28-
fold higher Vmax (0.067 mg TCE/min/mg protein) and
KM,TCE (19 mg/L) (Oldenhuis et al., 1991; Oldenhuis et al.,
1989), was used in the biofilter to degrade 2.42 mg TCE/L,
it is predicted theM. trichosporiumOB3b biofilter would
degrade TCE initially at a higher efficiency than the PR123

biofilter [0.0 mg TCE/L forM. trichosporiumOB3b vs. 0.6
mg TCE/L for PR123 in the effluent air after 100 min of
TCE addition assumingTC and active biomass are the same
(Fig. 8)]. However, because enzyme deactivation is propor-
tional to the TCE degradation rate [Eq. (5)], faster enzyme
deactivation will result in earlier loss of enzyme activity;
therefore, breakthrough occurs faster assuming new bio-
mass does not express active TCE-degrading enzyme
(breakthrough time of 600 min forM. trichosporiumOB3b
vs. 1600 min for PR123).

For PR123, if the volumetric air flow rate was decreased
by 10-fold (0.01 L/min) while maintaining the same TCE
concentration and active biomass concentration, the higher
residence time of TCE in the biofilter would lead to a lower
TCE concentration in the effluent stream [1.78 mg TCE/L
for 0.1 L/min vs. 0.0 mg TCE/L for 0.01 L/min after 1000
min of TCE addition (Fig.8)]. Hence, the performance of the
biofilter is extended because significantly less TCE is in-
troduced.

The range of TCE concentrations found in drinking water
wells is 600 to 14,000 parts per billion (0.6 to 14 mg TCE/
L) (Council on Environmental Quality, 1981), and the maxi-
mum level of TCE allowed in drinking water is only 5 ppb
(0.005 mg/L) (Steinberg and DeSesso, 1993). To size a
biofilter for TCE degradation using the data in this report, it
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is reasonable to assume the TCE concentration in the gas is
in equilibrium with water at 0.6 mg TCE/L (0.24 mg/L in
the gas phase). Hence, the estimated biofilter length neces-
sary for degrading 99.5% of 0.24 mg TCE/L in 1 L air/min
for a period of 50 d ranges from a minimum of 21 meters for
the maximum biomass concentration of 18.0 mg/mL liquid
(Table III) and a transformation capacity (TC) of 0.204 mg
TCE/mg protein to greater than 120 meters for the minimum
biomass concentration of 4.2 mg/mL liquid andTC of 0.065
mg TCE/mg protein.

CONCLUSIONS

Effective gas-phase TCE degradation and mineralization
was shown using a fixed-film bioreactor with a pure culture
(Sun and Wood, 1997). A mathematical model was devel-
oped for describing TCE degradation in a biofilter usingB.
cepacia PR123 which constitutively expresses a TCE-
degrading enzyme. The numerical simulations agreed rela-
tively well with the experimental data for abiotic and biotic
controls as well as for four experiments at different TCE
concentrations. Based on the simulation results, TCE deg-
radation was not limited by the available oxygen and TCE
in the biofilm (i.e., mass transfer resistance was insignifi-
cant relative to biodegradation). The most important param-
eters for improving the biofilter performance were deter-
mined to be the amount of active biomass for TCE degra-
dation and the transformation capacity for TCE degradation.

Improvements such as higher maximum TCE degradation
rates (Vmax) or increasing the affinity of the biofilm toward
TCE (decreasingKM,TCE) should not enhance TCE removal
in the biofilter as long as the new biomass formed does not
produce active TCE-degrading enzyme. Inactivated Tom in
the PR123 cells used here was not due to oxygen starvation
or loss of reductant supply as the biofilter effluent cells did
not recover Tom activity overnight on Tom-indicating
plates or during the phenol oxidation assay (although they
retained thetom genes). This suggests cyclic biofilter op-
eration may be best to generate new biomass with Tom
activity. The best microorganism for TCE degradation
should have high TCE-degrading enzyme activity, high
transformation capacity for TCE, and grow relatively rap-
idly.
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NOMENCLATURE

a interfacial area of gas/liquid per a unit of reactor volume
(1/cm)

A cross-sectional area of biofilter (cm2)
Cg,O2 O2 concentration in gas phase (mg/L)
Cg,TCE TCE concentration in gas phase (mg/L)

C*l,O2 liquid–phase O2 concentration at the gas/liquid interface (mg/
L)

C*l,TCE liquid–phase TCE concentration at the gas/liquid interface
(mg/L)

Cl,O2 O2 concentration in liquid phase (mg/L)
Cl,TCE TCE concentration in liquid phase (mg/L)
DAB gas-phase diffusivity (cm2/min)
Dg,O2 axial dispersion coefficient of O2 in gas phase (cm2/min)
Dg,TCE axial dispersion coefficient of TCE in gas phase (cm2/min)
Dl,O2 axial dispersion coefficient of O2 in liquid phase (cm2/min)
Dl,TCE axial dispersion coefficient of TCE in liquid phase (cm2/min)
dp carrier diameter (cm)
HTCE Henry’s constant for TCE (dimensionless)
HO2 Henry’s constant for O2 (dimensionless)
KL,O2a overall volumetric liquid mass transfer coefficient for O2 per

volume of bed (1/min)
KL,TCEa overall volumetric liquid mass transfer coefficient for TCE

per volume of bed (1/min)
KM,O2 Michaelis constant for O2 (mg/L)
KM,TCE Michaelis constant for TCE (mg/L)
QA volumetric air flow rate (L/min)
Ql volumetric liquid nutrient flow rate (L/min)
t time (min)
TC transformation capacity (mg TCE/mg protein)
v interstitial air velocity (cm/min)
Vmax maximum TCE degradation rate (mg TCE/min/mg protein)
X average concentration of active biomass (mg protein/L)
x axial length of biofilter (cm)
Yresp O2 consumption for background respiration (mgO2/min mg

protein)
YO2 O2 consumption due to TCE degradation (mg O2/mg TCE)
Re8 QAdp

nA~1 − «b!g
Sc n

DAB

Sh8 KLdp

DAB
S «b

1 − «b
D1

g

Greek Letters

g shape factor (external surface area divided bypdp
2)

d biofilm thickness (cm)
« liquid hold-up volume around the SIRAN™ beads (cm3 of

liquid/cm3 of bed)
«b void fraction of packed bed (« + u)
n kinematic viscosity (cm2/min)
u bed porosity of the biofilter (cm3 of gas/cm3 of bed)
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